Abstract. Expressions are derived for the fluorescence response functions of organic solution systems in which non-radiative energy transfer occurs and obeys either Stern-Volmer or Forster kinetics. Scintillation pulse shapes are evaluated for typical crystals, binary and temary liquid solutions, and binary plastic solutions. The scintillation decay time is inadequate to describe the time characteristics of a solution system, and altemative parameters are introduced. Criteria for a fast solution scintillator are established, and binary liquid and plastic scintillators with improved time characteristics are proposed.
Introduction
The Jluorescence response function i(t) of a system of organic molecules of a particular species is defined as the relative fluorescence quantum intensity at a time t after excitation by an instantaneous &function light flash .
Let us consider a unitary system in which only a single molecular species X is excited, yielding an initial molar concentration [X*], of excited molecules X*. I n the absence of competing intermolecular processes (e.g. impurity quenching, excimer formation, energy transfer) the molar concentration [X"] of excited molecules decays radiatively (fluorescence) and non-radiatively (internal quenching) with rate constants of kF, and kIx, respectively, and the fluorescence response function is where T~, (= l/kox) is the fluorescence decay time.
A binary system contains two molecular species X and Y, the lowest rr-electronic singlet excitation energy of Y lying below that of X. I n such a system the X* excitation energy may be transferred to Y, either by a radiative process or by a non-radiative process. Radiative transfer does not modify iox(t) , but non-radiative transfer introduces an additional term into (1) which increases the decay rate.
There are two limiting cases of non-radiative transfer to be considered :
(i) Complete 'statistical mixing' of X* and Y occurs owing to molecular diffusion and/or X* excitation migration (Birks and Conte 1968) , so that the energy transfer rate is independent of t.
(ii) X* and Y remain effectively stationary, apart from possible Brownian rotation, during the energy transfer, so that the transfer rate decreases with increase in t (Forster 1949) .
Case (i) is that to which Stern-Volmer kinetics are applicable . Case (ii) for non-radiative dipole-dipole transfer has been considered by Forster (1949) and Galanin (1955) , who have derived expressions for the donor fluorescence response function ix(t) under these conditions, which will be referred to as Forster kinetics. Other types of nonradiative transfer (multipole-multipole, exchange interaction) have been discussed by Dexter (1953) and Inokuti and Hirayama (1965) . 946 The present paper derives expressions for the acceptor fluorescence response function iXY(t) for indirect excitation of Y by non-radiative transfer from X*. T h e function iXY(t) is of significance in an organic solution scintillator since it influences the scintillation pulse shape (Birks 1964 (Birks , 1968 . The results are discussed in relation to the different types of organic scintillators.
Stern-Volmer kinetics
The Stern-Volmer kinetic case for a binary system, which has been treated by , is summarized below for comparison with subsequent results. T h e rate equations ( 7 ) If the amplitude factors in ( 5 ) , (6) and (7) are equated to a common value, we obtain
T h e quantum efficiency of non-radiative energy transfer from X* to Y is (Birks 1964) where (10) k Y X kox The analysis can be readily extended to a ternary system which contains, in addition to X and Y, a third molecular species 2, whose lowest n-electronic singlet excitation lies below that of Y. Energy transfer occurs from X* to Y and from Y* to 2 (the small component of direct energy transfer from X* to 2 may be neglected). The rate equations are given uyx = -. 
Forster kinetics
presence of Cy] is a non-exponential decay of the form (Forster 1949 , Galanin 1955 where For the Forster kinetic case the fluorescence response function of the donor in the
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and CylO is the 'critical molar concentration' of the acceptor given by 3000
where N i s Avogadro's number and Ro is the 'critical energy transfer radius' (Forster 1949) .
The rate equations derived from (20) are as follows:
The time-dependent transfer parameter ykox1'2t1'2 replaces the time-independent parameter k y x [ Y ] of equations (3) and (4).
Solution of (23) and (24) (see appendix) yields (20) and the fluorescence response function of the acceptor: If the amplitude factors in (7), (20) and (29) are equated to a common value, we obtain as in the Stern-Volmer kinetic case (8). (Forster 1949) The quantum efficiency of non-radiative energy transfer from X* to Y is given by Under these conditions the decay of iXY(t) (equation (6)) is determined by kx, and the rise is determined by koY. At high values of N, such as are normally used in practical scintillators to obtain a high value of fyx (equation (9)), the inequality of (33) is reversed. The decay of iXY(t) is then determined by the solute decay time T~~ ( = l/koy), and the rise is determined by the solvent decay time T~ ( = l/kx), which is quenched by the energy transfer. This behaviour has been verified experimentally by Swank et al. (1958) for solutions of p-terphenyl (Y) in toluene (X).
Solute-solute transfer in liquids
Stern-Volmer kinetics are applicable to solute-solute transfer in low-viscosity liquid solutions. have observed ix(t), iXY(t) and ioY(t) for anthracene (X) and perylene (Y) in benzene solutions and checked the validity of equations (5)- (8). I n high-uiscosity liquid solutions Forster kinetics are applicable. Birks and Georghiou (1967) (t) is non-exponential, but more rapid than that given by (20) , Birks 1968 . The behaviour in this region of intermediate kinetics, in which partial molecular 'mixing' occurs by diffusion, is more complex and will be discussed elsewhere (Birks and Georghiou, to be published).
Solute-solute transfer in plastics
Bennett (1964) has verified the applicability of Forster kinetics to solute-solute transfer in organic plastic solutions. He observed that the donor fluorescence response function ix(t) agreed closely with the Forster relation (20) . This general behaviour is to be expected for solute-solute transfer in plastic solution scintillators, since molecular diffusion and excitation migration are both inhibited.
Solvent-solute transfer in plastics
The results of several experimental studies indicate that Forster kinetics are applicable to solvent-solute transfer in plastic solution scintillators. Swank and Buck (1953) found that the non-radiative solvent-solute transfer in plastic scintillators occurs by the Forster process, and that the efficiency of the process depends on the nature of the solute and the magnitude of the Forster 'critical radius' R,. This contrasts with solvent-solute transfer in liquid scintillators, which occurs by a 'collisional' process, and is practically independent of the nature of the solute and R,, the rate being controlled by solvent excitation migration and diffusion (Birks and Conte 1968) . Swank et al. (1958) observed the scintillation pulse shape, which is proportional to iXY(t), of binary solutions of p-terphenyl (Y) in polystyrene (X) as a function of VI. At low values of PI, where the inequality (33) or its Forster kinetic equivalent applies, the decay of iXY(t) is determined by the donor response function ix(t). I n the polystyrene solutions they observed this decay to be non-exponential, consistent with Forster kinetics, in contrast with the exponential Stern-Volmer decay observed in similar toluene solutions.
The most direct test of the applicability of Forster kinetics to plastic solution scintillators was by Basile (1964) , who observed the quantum efficiency fyx of non-radiative energy transfer from polystyrene (X) to tetraphenylbutadiene (Y) as a function of [Y] , and obtained excellent agreement with the Forster relation (3 1).
Molecular diffusion is inhibited in aromatic plastic solutions, but there is some evidence that solvent excitation migration occurs, though much less efficiently than in aromatic liquids (Birks 1964) . The results cited above suggest that such migration is insufficient to produce statistical 'mixing', though it is probably adequate to produce the equivalent of Brownian rotation of the donor molecules, i.e. random distribution of relative orientations of X* and Y. It is concluded that solvent-solute transfer in plastic solutions obeys Forster kinetics in a similar manner to solute-solute transfer in viscous liquid solutions.
Scintillation pulse shapes

Pure crystals
When an ionizing particle impinges on an organic scintillator it excites and ionizes the molecules of the major constituent or solvent X. Rapid ion recombination and internal conversion yield molecules of X in their lowest excited singlet state (X*) or triplet state (T"). The de-excitation of X* yields the fast scintillation emission; the bimolecular association of T * to produce X* yields the delayed scintillation emission (Birks 1964 ). King and Voltz (1966) have considered the decay of the delayed emission. We shall discuss the shape of the fast scintillation pulse, considering excitation by an ionizing particle as equivalent to &function excitation of X*.
I n a pure crystal X, which is transparent to its own fluorescence, the scintillation pulse shape is, from (2), given by
where T~~ (= l/kox) is the molecular fluorescence or scintillation decay time. If the crystal absorbs a fraction a of its own fluorescence, (1) is modified and becomes (ii) The choice of a solute with a short fluorescence lifetime roy and a high fluorescence quantum yield ay N 1. Since kYX is practically independent of the nature of Y (Birks and Conte 1968) , the scintillation intensity L is proportional to @ , , and so is the 'timing figure of merit' L / A t (Birks 1964) .
Among the solutes which combine high solubility, short rOy and high OY, are the substituted p-oligophenylenes and 2,5-diphenyloxadiazole (PBD) and its alkyl derivatives.
Apart from solubility, [Y] is limited by concentration quenching and excimer formation, which reduce ay, to a practical maximum of about pi] = 0.1 M. From considerations of the radiative transition moment , the minimum value of T~, (for ay = 1) is estimated to be about rOy = 1 ns. We shall refer to an 'ideal' solute with these properties (PI = 0.1 M, rOy = 1 ns, KO, = lo9 s-l, @ , = 1) as s,. 
Ternary liquid solutions
I n a ternary liquid solution the scintillation emission is from the secondary solute 2, which is excited by energy transfer from excited primary solute molecules Y*, which have been excited by energy transfer from excited solvent molecules X*. The scintillation pulse shape is, from (18), given by and At. I n a liquid solution this can be achieved in two ways:
At the secondary solute concentrations [Z] (< 0.1 pi]) normally used, the quantum efficiency of non-radiative Y* + 2 transfer f z y 6 0.5, the remaining Y* --f 2 transfer occurring radiatively (Birks and Kuchela 1961) . We consider the effect of adding an efficient secondary solute, 2,2'-p-phenylene bis-5-phenyloxazole (POPOP, 7oz = 1-3 ns) to a 3 g 1-1
PPO in toluene solution (figure l), taking an optimistic value off,, = 0.5. The values for substitution in (41) are kx = 7.5 x lo8 s-l, k, = 12.5 x lo8 s-l and koz = 7.7 x lo8 s-l. T h e scintillation pulse shape pxrfz(t) for this system is plotted in figure 3 and A similar effect is obtained by addition of an 'ideal' secondary solute S, ( T~, = 1 ns) to the binary solution of figure 2. If we takefzy = 0.5, the values for substitution in (41) are k , = 5 . 2~ lo9 s-l, k, = 2 x lo9 s-l and k,, = lo9 s-l. Figure 4 plots pxyz(t) for this system, and the parameters are listed in table 1. The addition of the secondary solute increases t,,, by 0.24 ns, t , by 0.5 ns and At by 0.65 ns.
I n general, if T~, = roy and f z y < 1, the addition of a secondary solute to a binary solution increases t I l 2 , t, and At owing to the introduction of a further energy transfer step. T h e effect is reduced if [Z] , and hence f z y , is increased, and, in the limit f z y -+ 1, pxyz(t) -+ pXY(t). The composition of 'practical' ternary scintillators (Birks 1964) suggests that this limit is not normally approached.
Binary plastic solutions
Energy transfer in plastic solutions has been studied less intensively than that in liquid solutions, and most of the data have been analysed in terms of Stern-Volmer kinetics, which are only approximately valid. One exception is the study of solutions of tetraphenylbutadiene (TPB) in 'cast' (i.e. fully polymerized) polystyrene by Basile (1964) , and the experimental data for this sytem, which were analysed in terms of Forster kinetics, will be used in the subsequent discussion.
For TPB-polystyrene solutions T~, = 19.211s' T~~ = 2.811s and Ro = 21.8b, giving k,, = 5.2 x lo7 S-I, ko: = 3.57 x lo8 s-l and CylO = 4.3 x M. The scintillation pulse shapesp,,(t) (cc zxy(t)) evaluated from (25) The relatively high values of At are primarily due to the TPB fluorescence liftime T~, (= 2.8 ns), which is longer than those of solutes normally used in fast scintillation counting. T o provide a more direct comparison between plastic and liquid solutions, pXY(t) has been evaluated for polystyrene solutions containing the 'ideal' solute S, (KO, = lo9 s-1) considered in § 5.2, the other parameters being assumed to be the same as for the polystyrene-TPB system. Figure 6 plots pXY(t) , calculated for this system from (25), for y = 0.5, 1, 2 and 3, and the parameters are listed in table 1.
Ternary plastic solutions
The Forster kinetic analysis for binary systems is sufficiently complex mathematically that it has not yet been extended to ternary systems. However, it is to be expected that the addition of a secondary solute to a binary plastic solution will increase t1,2, t , and At in a similar manner to that discussed in liquid solutions ($5.3) , and this has been observed experimentally (Birks 1968, Birks, Smith-Saville and Ness , to be published).
Discussion
The initial point to be stressed is that the scintillation decay time T~, which is commonly used to categorize the time characteristics of an organic scintillator, does so adequately only for a unitary (e.g. pure crystal) system, where t I i z = t , = 0 and At = 0 . 6 9 3~~. For a solution system, in which energy transfer occurs, three parameters t1,2, t , and At, or ideally the complete pulse shape p(t), are required. (ii) The solute should be used in the highest concentration [Y] possible, consistent with the avoidance of concentration quenching, excimer formation and/or self-absorption of the fluorescence.
(iii) The secondary solute 2 should be omitted. In scintillators of normal size the secondary solute is normally redundant as a 'wavelength shifter', provided the vessel and photomultiplier window are transparent to the primary solute emission. The inclusion of 2 can have a deleterious effect, both on the scintillation intensity and on the pulse shape (Birks 1964 (Birks , 1968 . Secondary solutes may be required in large volume scintillators to improve the light transmission characteristics, but in such cases the long light paths already degrade the timing characteristics below those of a small scintillator of similar composition.
Comparison of the pulse shapes of the fastest plastic scintillator (figure 6, y = 3) and the fastest liquid scintillator (figure 2), containing the same solute S,, shows that the former has a more rapid initial rise ( t l , 2 = 24 ps, t , = 0.3 ns) than the latter (t,,, = 90 ps, t , = 0.4 ns). On the other hand, the intensity takes 1.33 ns to decay from p, to p,/e in the plastic solution, compared with 1.2 ns in the liquid solution. Both these features arise from the difference between Forster kinetics and Stern-Volmer kinetics. The rate of Forster energy transfer is initially rapid owing to transfer to molecules of Y which are close to X*, but it decreases with increase in t when transfer to more distant molecules of Y occurs. The rate of Stern-Volmer energy transfer is constant, being initially slower and subsequently faster than the rate of Forster transfer. The scintillation decay time T~ is equal to the pulse width At for the fast liquid scintillator ( T~ = At = 1.2 ns) and for the fast plastic scintillator ( T~ = At = 1.33 ns). This equality results from the rapid energy transfer and the consequent short rise time of the pulse, and it is not valid for systems with inferior time characteristics (e.g. figures 1 (curve A), Substitution of (20) Substitution of the first three terms of (A8) into (31) yields (32).
